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57) ABSTRACT 
A spectroradiometer images a scene as a repeating se 
quence of spectral images, each of which spectral im 
ages depicts the scene at a preselected wavelength. In a 
preferred embodiment, the image is of size 256 by 192 
pixels, and the sequence repetition rate is about 20-30 
cycles per second. Full spectral analysis on the resulting 
sequences is performed substantially in real time. The 
spectroradiometer includes a light collector with a lens, 
a circularly variable spectral filter, and an optical gate 
which gates the output of the filter to a detector array 
which outputs the sequence of electronic spectral in 
ages. These images are corrected for systematic errors 
and calibrated, and correlated with a preselected spec 
tral response function. The image may be further post 
processed and displayed in video format or used other 
WSe. 

20 Claims, 4 Drawing Sheets 
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1. 

MAGING SPECTRORADIOMETER 

BACKGROUND OF THE INVENTION 

This invention relates to the spectral analysis of a 
scene, and, more particularly, to an instrument that can 
form and analyze the spectral radiances at each pixel of 
an image, in real time for continuous motion. 
The objects in a scene are characterized by their 

spatial forms and their spectral radiances. The spectral 
radiance of an object is its reflected light intensity as a 
function of wavelength, and is indicative of the material 
which forms the object. Although the human eye can 
distinguish forms very well, it does not discern spectral 
radiance characteristics nearly as precisely. Instead, the 
human eye perceives only a dominant portion of the 
spectral radiance, which is perceived as the color of the 
object. 

Since the spectral radiance of an object is a character 
istic of that object, in principle most objects can be 
identified by their spectral radiances alone. However, 
because the human eye is a relatively unsophisticated 
observer of spectral radiances, it is not always possible 
to distinguish objects based upon their perceived colors. 
For example, at a distance a field of green corn cannot 
be readily distinguished from a field of green grass sim 
ply by their colors. On the other hand, the corn and the 
grass are readily distinguished from each other on the 
basis of their different spectral radiances, if the com 
plete spectral radiances can be used in the analysis. 
The spectroradiometer is an instrument that analyzes 

the spectral radiance of objects in its field of view. Ex 
isting spectroradiometers are designed to view only a 
single region at a time to obtain a pure spectral radiance 
of that region. An entire scene can be analyzed using the 
same approach in conjunction with one of several scan 
ning techniques that steps the analysis region over the 
entire field of view. Such scanning spectroradiometers 
are relatively slow in operation. In particular, they 
cannot operate at the minimum rate of about 20-90 
frames per second required to view a scene in what the 
eye perceives as continuous motion. 
There is therefore a need for a high-speed imaging 

spectroradiometer that can perform spectral analysis on 
a pixel-by-pixel basis of entire scenes at rates of at least 
about 20 frames per second. Such a spectroradiometer 
could be used in many applications such as medical 
diagnostics, earth resources, and resource management. 
The present invention fulfills this need, and further 
provides related advantages. 

SUMMARY OF THE INVENTION 

The present invention provides an imaging spec 
troradiometer that allows the spectral radiance imaging 
of each pixel in a scene. With this instrument, it is possi 
ble to image features in the scene according to their 
spectral radiances, so that regions differing in composi 
tion or other characteristics can be distinguished. The 
spectroradiometer has a frame repetition rate of at least 
about 20 frames per second for conventional moderate 
resolution spectral analysis. This rate allows the imag 
ing to occur with the visual appearance of smooth 
movement. In a preferred form, the camera speed is 500 
frames per second, enabling a 20-point spectrum to be 
imaged in real time at a rate of 30 times per second. 

In accordance with the invention, an imaging spec 
troradiometer comprises a light collector, an image 
processor, and desirably an image post processor and a 
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2 
display. The light collector includes a lens which pro 
duces a two-dimensional viewed image of a scene and 
means for spectrally filtering a repeating sequence of 
spectral images from the viewed image over a prese 
lected spectrum of wavelengths. This means for spec 
trally filtering includes means for repeating the spectral 
imaging of the scene over the preselected spectrum at a 
preselected sequence or frame repetition frequency. 
The light collector further includes a normally closed 
optical gate which receives the sequence of spectrally 
filtered images from the means for spectrally filtering 
and controllably opens at a preselected time to pass an 
image of a preselected wavelength from the sequence of 
spectral images, and a detector which receives the 
image of preselected wavelength from the optical gate 
and produces a electronic signal of an amplitude of each 
of a plurality of pixels. 

In the preferred approach, the lens is a controllable 
Zoom lens which allows wide angle or narrow angle 
viewing of a scene. Spectral filtering is performed by a 
circular variable filter in the ray path, driven at a con 
trollable, variable speed. Optionally, but preferably, an 
image intensifier is provided to amplify the intensity of 
the image of the scene, in low-light conditions. The 
photocathode of the image intensifier may be used as 
the optical gate. The detector may be a charge-coupled 
device array having a plurality of sensor elements is 
preferred, and in a preferred embodiment the detector 
includes a 256 horizontalX 192 vertical array of sensor 
elements. 
The real time image processor comprises a memory 

which temporarily stores the electronic signals pro 
duced by the detector as a plurality of pixelated elec 
tronic images, with each image corresponding to an 
amplitude of the scene viewed at one of the preselected 
wavelengths. There is means for correcting the ampli 
tudes of the pixels of the electronic images responsive to 
preselected systematic sources of error and means for 
calibrating the amplitudes responsive to the optical 
properties of the light collector, producing a corrected 
and calibrated electronic image. The image processor 
also includes means for correlating the corrected and 
calibrated electronic image with a response function to 
produce an electronic image of a preselected spectral 
characteristic. 
The image post-processor, where present, includes 

means for manipulating the processed electronic im 
ages, such as by identifying particular spectra of interest 
for specific applications. 
The display, where present, preferably is a video 

monitor, with the electronic images formatted for dis 
play on the monitor. The display presents a perceived 
continuous motion of the image, since a frame rate of 
about 20-90 repetitions per second (or more) is inter 
preted by the human eye as continuous motion. The 
output of the image processor is a digital signal which 
may be converted to analog form for display or used in 
a digital form for display or further processing and 
interpretation. 
The imaging spectroradiometer operates substan 

tially in real-time to image the spectral radiance at each 
pixel of a viewed scene. As used herein “substantially in 
real time” means that the processed output image is 
produced at the same rate as the input image data is 
gathered, with a delay corresponding to the frame rate. 
The spectroradiometer can operate at a frame rate of 
about 20-30 frames per second or more, which permits 
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the display of motion in a manner that is perceived by 
the human eye to be continuous. Thus, the delay in 
outputting a processed two-dimensional image is 
1/20-1/30 of a second or less after the scene is viewed. 
The ability to perform the spectral analyses at such a 

perceived continuous-motion rate is an important ad 
vance in improving the convenience and user-friendli 
ness of such a device. If the frame rate is slower such 
that the output signal is not perceived as continuous 
motion by the human eye, the spectroradiometer is 
much more difficult to use by a human being in the 
sense that motion is perceived as a series of discontinu 
ous stop-action frames. While such a display may be 
useful in some situations, it is not in others where the 
observer must view the displayed image over a period 
of time or where events in the scene are changing rap 
idly. The latter situation occurs, for example, when the 
spectroradiometer is in an aircraft flying over the 
ground and the viewed scene changes rapidly. 
Other features and advantages of the present inven 

tion will be apparent from the following more detailed 
description of the preferred embodiment, taken in con 
junction with the accompanying drawings, which illus 
trate, by way of example, the principles of the inven 
tion. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is an overall system block diagram of a spec 
troradiometer according to the invention; 
FIG. 2 is a schematic depiction of the light collector 

of the spectroradiometer; 
FIGS. 3A and 3B are a detailed block diagram of the 

spectroradiometer; and 
FIG. 4 is a schematic depletion of the storage and 

subsequent processing approach for the images. 
DETAILED DESCRIPTION OF THE 

INVENTION 
FIG. 1 shows a spectroradiometer 20 according to 

the present invention, in a general form. The spec 
troradiometer 20 includes a light collector 22, which 
receives and images light from a scene, selects frames of 
particular wavelengths, and converts the selected 
frames to a digital electronic format. A digital elec 
tronic representation of the scene is provided from the 
light collector 22 to an image processor 24, which cor 
rects, calibrates, and processes the image. The image 
processor 24 delivers the processed image information 
to an image post processor 26. The post processor 26 
manipulates the image in a manner appropriate for spe 
cific applications and external requirements of the user 
of the spectroradiometer 20. The post-processed image 
is provided to an output device 28, which delivers the 
image to a video display, an external computer, or other 
device or display. 
A controller 30 controls the operation of the spec 

troradiometer 20 and, in general, the light collector 22, 
image processor 24, post processor 26 and output de 
vice 30. FIG. 1 depicts the controller 30 interacting 
with all of the components, but in various embodiments 
the controller 30 may not interact with all of the com 
ponents 22, 24, 26, and 28. In almost all cases, the light 
collector 22 is actively controlled, and in most cases the 
image processor 24 includes the capability for active 
control. In some instances, the post processor 26 and the 
output device 28 may operate independently, and in 
other cases they may utilize active control. In almost all 
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4. 
cases, information from all of these components is pro 
vided to the controller 30. 
FIG. 2 depicts the light collector 22 in more detail. 

Light rays 40 from a scene 42 are received by a lens 
system 44 that is directed at the scene 42. The lens 
system 44 contains a conventional focusable lens set 46, 
that is operable by the controller 30. In the preferred 
embodiment, the lens set 46 is provided with a 10:1 
zoom capability, which is controllable by the controller 
30. Lens focusing and zoom capabilities are known in 
the art. The lens system 44 also contains a precision iris 
48 that can be controllably opened or closed by the 
controller 30 to account for varying light levels in the 
light rays 40 and the general background. The optical 
components of the lens system 44 are commercially 
available as a single packaged unit as the Schneider 
Varigon 10-100/F1.8 lens system. 

After the focused light beam leaves the lens system 
44, it passes through a spectrally filtering wavelength 
filter that controllably passes light of a selected wave 
length. (In this application, "light” is used to mean radi 
ation of a filterable wavelength. In the preferred em 
bodiments, the light has a wavelength of from about 400 
to about 1200 nm (nanometers). The wavelength filter is 
preferable a circular variable filter (CVF) 50. The circu 
lar variable filter 50 is in the form of a circular disk 
mounted on an axle 52 and rotationally driven at a con 
trollable angular velocity by a motor 54. 
The circular variable filter 50 is available commer 

cially in various wavelength ranges. For example, in the 
preferred embodiment the CVF 50 is an OCLI Model 
VC180-017. This continuously variable CVF has a 
bandpass centerwavelength ranging from about 400 nm 
to about 700 nm as the CVF is rotated by 180 degrees. 
Two of the 180-degree circular variable filters can be 
bonded together to form a 360-degree disk which scans 
through the entire spectrum of about 400 nm to about 
700 nm twice in each revolution. 

In another embodiment, another CVF which has a 
varying bandpass centerwavelength in the near infrared 
from about 680 nm to about 1200 nm as it is rotated by 
180 degrees may be bonded with the first, visible range, 
CVF to form a 960-degree disk. This second CVF is 
available as the OCLI Model CV680-200. The 360 
degree disk with the two filters of different ranges pro 
vides spectral selection of about 400 nm to about 1200 
nm during each complete rotation of the disk. The ap 
proach is applicable to the preparation of filters in the 
infrared and over broader wavelength ranges, if the 
other components are suitable. 
The circular variable filter 50 is preferably a continu 

ously varied filter. That is, the filter is continuously 
graded so that any filter wavelength within the range of 
the filter may be selected. The continuously varied filter 
is to be contrasted with a circular variable filter having 
discrete angular segments of filter wavelengths built 
into the structure of the filter. In the latter case, it is 
possible to gather spectral information only at those 
wavelengths built into the filter. In the case of the con 
tinuously variable CVF, any set of wavelengths can be 
selected for imaging. 
The continuous variability capability permits, for 

example, a "broad' spectrum imaging and a "narrow' 
spectrum imaging. In the “broad' spectrum image, the 
spectrum might be formed from 20 wavelengths spread 
evenly over 900 nanometers bandwidth, or 15 nanome 
ters between spectral points. The spectral points are 
thus spread evenly along the circumference of the pre 
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ferred CVF from 400 to 700 nanometers. If the user of 
the system then wishes to image a portion of the spec 
trum in finer detail to examine specific features such as 
peak regions, the spectroradiometer can be operated so 
as to take the 20 spectral wavelengths of the scan from 
a narrow range, for example, from 400 to 460 nanome 
ters. In this fine-detail scan, which uses only a small 
portion of the circumference of the CVF, there are only 
3 nanometers separation between spectral points, pro 
ducing a high spectral resolution image. 
The rotational angular velocity of the circular vari 

able filter 50 is controlled by the speed of the motor 54, 
which in turn may be controlled manually or by the 
controller 30. To achieve a 20 repetitions of the fre 
quency scan or frames per second, for example, the 
motor 54 and filter 50 must be driven at 10 revolutions 
per second if the CVF 50 achieves two spectral scans 
per revolution, or 20 revolutions per second if the CVF 
achieves only one spectral scan per revolution. 
The light leaving the CVF 50 passes through a nor 

mally closed optical gate 56. The optical gate 56 is 
normally closed, not passing any light. It is controllably 
opened upon command from the controller 30 or manu 
ally. 

Preferably, but not necessarily, the light passing 
through the gate falls upon an image intensifier 58. The 
image intensifier 58 intensifies the amplitude of the 
image falling upon the device, and is of particular use 
where the incident light beam 40 may be weak. 

In the preferred embodiment that uses an image inten 
sifier, the image intensifier 58 is available commercially 
as the Varo Model 5772. The image intensifier 58 in 
cludes a photocathode, which functions as the optical 
gate 55. The photocathode emits electrons only when 
the proper biasing voltage is applied, so that the photo 
cathode biasing voltage can be used as the optical gate 
control. A proximity focused rather than an electrostat 
ically focused image intensifier is used to ensure an 
image free of distortion. The variable iris 48, which 
reduces image intensity of high-intensity light beams 40, 
and the image intensifier 58, which increases the image 
intensity of the light beam, together permit the spec 
troradiometer to operate over a wide range of ambient 
and scene lighting conditions. 
The light beam produced by image the intensifier 58 

falls upon a detector 60. The preferred detector is a 
charge coupled photodiode array formed as an array of 
256x256 individual sensor elements. Such a detector is 
available commercially from EG&G Reticon as the 
Model 2568N. In the present approach, the detector 60 
is reset after 192 lines of vertical resolution, producing 
a 256 (horizontal)x 192 (vertical) pixelated image. Each 
sensor of the array provides the image intensity at its 
pixel location. 
This type of detector 60 scans through the individual 

sensor elements in turn at the required frame rate. The 
output is an analog signal indicative of the sensed image. 
The light collector 22 includes an analog-to-digital con 
verter 52 that produces a digital output signal respon 
sive to the analog output signal of the detector 60. 

In the operation of the light collector 22, the light 
beam 40 is focused by the lens system 44, and attenuated 
if necessary by the variable iris 48. That beam passes 
through the circular variable filter 50, which continu 
ously varies the wavelength of the light that is passed 
therethrough by virtue of its continuous rotation. The 
optical gate 56 is synchronized with the operation of the 
filter 50 to pass, i.e., take "snapshots', of the light beam 
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6 
at selectable rotational angles of the CVF 50. Such 
nearly instantaneous snapshots sample the light ray 40 at 
selected wavelengths. The resultis a series of individual 
images, each at a selectable wavelength, of the scene 42. 
The series contains images at each of the selected wave 
lengths. 
The series of images repeats during the next revolu 

tion of the circular variable filter 50. If that series of 
images repeats at a sufficiently high frequency, a person 
viewing the image for any one of the preselected fre 
quencies will perceive continuous motion of the image 
at that viewed frequency. A motion picture is a series of 
still images, typically presented at a rate of about 30 
images per second. If the still images are presented at a 
substantially lower rate, the movement appears to be 
jerky. The required repeating or frame frequency is at 
least 20, and preferably 90, cycles per second to pro 
duce the perception of continuous motion. The spec 
troradiometer of the invention has been designed to 
operate at a rate of at least 20-30 images at each wave 
length per second, and has been reduced to practice at 
this frame rate. The mechanical, electronic, and compu 
tational components described herein permit imaging 
based upon a 20-point spectrum repeated 30 times per 
second, for all 256X 192 pixels of the array. 
The images are intensified if necessary and then de 

tected at the detector 60. The series of images is con 
verted to digital form and then presented to the image 
processor 24. 
The image processor 24 includes a random access 

memory 70 that is provided as separate memories, or as 
effectively partitioned memory in a single device, or 
otherwise as may be operable. Whether there are physi 
cally multiple memory devices that constitute the mem 
ory 70 or other form, the memory is utilized as follows. 
A first memory region 70a stores a dark level signal for 
the detector 60. That is, when the optical gate 56 is 
closed, ideally there should be no signal from the indi 
vidual sensor elements of the detector 60. In practice, 
however, there may be some reading due to the charac 
teristics of the sensor elements, due to variations in the 
as-fabricated properties of the individual sensor ele 
ments, or for other reasons. The first memory region 
70a stores the current dark level signal for the detector 
60, obtained as the detector reading when the optical 
gate 56 is closed. This dark level can be updated as 
necessary, even as frequently as each time the gate is 
closed. The dark level signal will be used to correct the 
detector readings, as will be described subsequently. 
A second memory region 70b and a third memory 

region 70c are used in an alternating fashion as follows. 
As readings are made from the detector 60, they are 
converted to digital form in the A/D converter 62 and 
placed into one of the memory regions, assumed to be 
memory region 70b in this example. As the memory 
region 70b fills, images at the series of wavelengths L1, 
L2, etc. are stored. When the memory region 70b is full, 
storage is shifted to memory region 70c, and it is filled in 
a similar sequential manner. While memory region 70c 
is being used to store detector readings, information 
from memory region 70b is recalled and used in subse 
quent processing, in the manner to be discussed next. 
When memory region 70c is filled, storage shifts back to 
memory region 70b and the information in memory 
region 70c is recalled for processing. 
The process of storing and recalling continues to 

alternate between the two memory regions 70b and 70c, 
which operate in an autonomous manner. 
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A separate region 70d of the memory 70 is devoted to 
the storage of high-resolution spectra. The spectroradi 
ometer 20 may be operated in a high-spectral-resolution 
mode, where more images and thence points are used to 
form each spectrum. By way of a trade-off, this mode is 
typically operated with fewer image pixels and a slower 
frame rate to permit more extensive data processing. 
The pixelated images taken during the high-resolution 
mode are stored in the memory 70d for later analysis, 
and do not interfere with the continuing operation of 
the memory regions 70a, 70b, and 70c. 
FIG. 4 provides a diagrammatic illustration of the 

storage approach and the processing approach used in 
the real-time mode. The image at a selected wavelength 
L1 may be considered as an array of P1 XP2 detector 
output intensity amplitude values. In the preferred pres 
ent case, P1 is 192 and P2 is 256. A second image at a 
second selected wavelength L2 is similarly an array of 
P1XP2 intensity values, where in general the ampli 
tudes are different in the two images. A total of n images 
are acquired and stored in this manner, each of the n 
images comprising an array of P1XP2 pixel values. 
Upon recall for processing, however, the spectrum of 
intensities at each selected pixel of the array, (P1) 1, 
(P2) is determined for each of the nimages. Thus, as 
suggested in FIG. 1, a spectrum at a particular pixel is 
developed. It will be understood that FIG. 4 is intended 
as an aid in explanation. The information need not be, 
and is usually not, stored in such an ordered array in 
memory. 
As the values of detector output amplitude that form 

the spectrum are recalled from memory, they are cor 
rected and calibrated. The value of detector output 
stored in the memory regions 70b and 70c must be cor 
rected for dark level variations in the individual sensor 
elements, and must be calibrated to some standard. A 
dark level corrector 72 recalls the dark level reading of 
each pixel of the detector array from the memory re 
gion 70a. It subtracts the dark level signal from the 
amplitude of the respective pixel of the detector array 
signal, as stored in region 70b or 70c, thereby producing 
a corrected detector signal. The electronic image pro 
duced by the detector array is thereby corrected for the 
dark level, on a pixel-by-pixel basis. 
The corrected intensity output values are calibrated 

by a radiometric conversion unit 74 to account for the 
optical and optical-electronic properties of the light 
collector 22. These properties include the optical char 
acter of the lenses 45 (such as wavelength-dependent 
transmission), the character of the image intensifier 58, 
the variations between the detector sensor elements, the 
gain of the detector 60, and any other properties that 
may account for the actual values in the conversion of 
detector output to actual radiation intensities, other 
than the content of the scene. If calibration is not per 
formed, subsequently obtained spectral radiances are 
not meaningful. 
Data for the calibration is obtained in an initial series 

of calibration tests, before the spectroradiometer 20 is 
placed into service. During the calibration, the instru 
ment is aimed at standard uniform-field images of 
known spectral radiances. After dark level correction as 
described above, the calibration amplitude intensities of 
the individual sensor elements of the detector are re 
corded in a radiometric calibration programmable read 
only memory (PROM) 76. Ideally, all of the values 
would be the same, but in practice they vary due to the 
various factors discussed above. The detector calibra 
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8 
tion in the PROM 76 is used to account for these differ 
eCe. 

Another source of potential error that must be ac 
counted for in the calibration is the broadening of the 
spectrum due to the transmission curve of the filter. The 
bandwidth of the transmission curve of the circular 
variable filter 50 is typically about 10 nanometers. To 
obtain greater resolution, the bandwidth as a function of 
wavelength is measured during the calibration process 
and stored in a filter response PROM 82. 
When the spectroradiometer 20 is turned on, the 

calibration values in the PROM 76 are downloaded to a 
radiometric calibration random access memory (RAM) 
78, and the calibration values in the PROM 82 are 
downloaded into a filter response curve RAM 84. The 
radiometric conversion unit 74 accesses the RAM78 to 
obtain the calibration information for each pixel of the 
array. The radiometric conversion unit 74 then scales 
the data recalled from the memory 70 by the calibration 
values recalled from the RAM 78 on a pixel-by-pixel 
basis. 
The spectroradiometer provides a capability for high 

spectral-resolution data collection and analysis. Such 
data is typically stored in memory region 70d, and re 
called for non-real-time data analysis because of the 
larger number of spectral points collected and analyzed. 
To perform more sophisticated spectral analysis than is 
presently possible in real time with a 192X256 array of 
pixels, a resolution enhancer 80 is provided. The resolu 
tion enhancer 80 performs spectral deconvolution of 
high-resolution spectra on a limited number of pixels. 
Thus, for example, if a real-time analysis of a scene 
reveals a small spatial area of particular interest, the 
limited number of pixels of that area may be analyzed in 
greater spectral detail by gathering spectral data over a 
longer period of time, storing that data in the memory 
70d, and deconvolving the spectrum on a pixel-by-pixel 
basis to obtain a highly accurate measure of the spectral 
radiance of that area. In the deconvolution process, the 
filter response curve is recalled from the RAM 84. 
For either the enhanced-resolution or real-time 

modes of operation, the corrected and calibrated image 
values are available for use directly. However, for most 
applications they are desirably processed in terms of the 
spectral responses of the user of the image. Stated alter 
natively, the spectroradiometer output can emulate any 
selected type of sensor. The sensor is defined by its 
spectral response curve. The sensor emulation is accom 
plished by the following convolution calculation: 

where I is the numerically computed integral, L is the 
corrected and calibrated spectral radiance as a function 
of wavelength A and C is the spectral response curve of 
the sensor. In most cases, multiple integrals of this type 
are performed for the tristimulus response curves of 
most sensors. For example, If the image is to be dis 
played on a monitor for viewing by a human eye, the 
corresponding integrals for both the monitor and the 
human eye must be calculated. There are three tristimu 
lus integrals X, Y, and Z for the human eye, and three 
tristimulus integrals R, G, and B for the monitor, for a 
total of six integrals. The preferred embodiment of the 
invention is designed to compute these six integrals. 
Accomplishing the integration calculation in real 

time for the spectral radiance of each pixel of the image 
array, in the preferred case an array of 256X 192 pixels, 
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is a computational challenge. It is performed in the 
preferred case by a high-speed hardware multiplier 
accumulator (MAC). The multiplier-accumulator is a 
hardware device in which two functions are multiplied 
together and added to a running sum, which becomes 
the integrated total value. In the present approach, the 
multiplier-accumulator is an Integrated Device Tech 
nology Model 7210. Where several integrals are to be 
calculated, six in the present case, a multiplier 
accumulator is dedicated to the computation of each of 
the integrals. Thus, in the present approach, a bank of 
six MACs 86 is provided. 
Each of the MACs in the bank 86 receives three 

inputs. One is the spectral radiance L from the radio 
metric conversion unit 74. This spectral radiance L is 
identified as image intensity as a function of degree of 
rotation of the circular variable filter 50. The second 
input is a response function C, which is stored in a spec 
tral response ROM 88. Any response function or group 
of response functions can be provided, which permits 
the spectroradiometer to emulate any type of sensor or 
device. As noted, in the preferred embodiment the X, Y, 
Z, R, G, B response functions are stored and recalled, 
each to one of the six MACs. The spectral response 
functions are stored as intensities as a function of wave 
length. The third input is a calibration relation between 
the degree of rotation of the circular variable filter 50 
and the wavelength of light transmitted through the 
filter. This relation is obtained during initial calibration 
of the spectroradiometer 20. The calibration is stored in 
a spectral calibration PROM 90, and downloaded to a 
spectral calibration RAM92 when power is supplied to 
the spectroradiometer. This calibration allows the cor 
rect values from the spectral radiance L and the spectral 
response C to be properly paired for multiplication and 
addition to the running sum. 
Another important computational capability permits 

the spectroradiometer to act as a discriminator or match 
filter. That is, the spectroradiometer can highlight fea 
tures having a particular spectral response function. 
Many computational approaches are known to perform 
the discrimination. In one approach cited as an example, 
an integral I" is numerically computed as 

All features with the spectral response curve C are 
displayed with a bright image, and the intensities of 
features not having this spectral response curve C are 
suppressed. A number of such match filtering ap 
proaches are possible, as is known in the art. 

In the real-time mode of operation, the image proces 
sor 24 is synchronized to the operation of the spectral 
filter, in this case the circular variable filter 50. Syn 
chronization is accomplished by the system architecture 
and component selection that allows the image proces 
sor 24 to operate at the frame rate dictated by the CVF 
50, typically 20-30 frames per second or more. Syn 
chronization is also enabled by measuring the exact 
rotational position of the CVF and associating that 
position with a spectral value through the information 
in the spectral calibration RAM 92. The synchroniza 
tion of the spectral filter and the image processor per 
mits the output of spectral response curves, discrimina 
tions, or other information at the same repetition rate of 
operation of the spectral filter and contemporaneous 
with the gathering of the data and its filtering with the 
spectral filter. It has not heretofore been possible to 
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10 
provide such synchronized outputs in real time for a 
two-dimensional image array. 

In this regard, it is important to distinguish two-di 
mensional imaging, as performed in the present device, 
from scanned one-dimensional imaging. One prior de 
sign philosophy for spectroradiometers has been to 
generate a one-dimensional image array, and to scan 
that array in a second dimension through a scene. This 
approach does not permit real-time imaging at frame 
rates of at least 20-30 frames per second, as required to 
produce a perception of continuous motion. By the time 
that a scan in the second dimension is completed, the 
scene may have changed such that spectral information 
generated at the begin of the second-dimension scan is 
obsolete by the end of the scan. The displayed image is 
therefore formed of information taken at different times, 
and is therefore not an actual scene that occurred at any 
time. By contrast, the present approach spectrally filters 
and then detects all of a two-dimensional image pres 
ented by the lens system at any moment, thereby pro 
viding a spectral record at one light wavelength of the 
actual scene that was viewed at that moment. All other 
points of the spectrum are gathered in 1/20-1/30 of a 
second or less, in the real-time mode. 
The computed integrals I or I' can be output directly 

to viewing devices of various types through the output 
system 28, and the preferred embodiment of the spec 
troradiometer provides several capabilities to support 
image output. Data useful in radiometrically interpret 
ing the spectra may be encoded onto the images by a 
data encryptor 96. The image may be held in a pro 
cessed data buffer memory 98 as needed. The preferred 
embodiment further provides a 6-channel RS-170 video 
output formatter 100 used to format the images for 
presentation on a standard video monitor. Some or all of 
these output devices may be omitted, or others may be 
introduced, for specific applications of the spectroradi 
Oneter. 
The computed integrals I or I' can be further pro 

cessed in a post-processor 102 prior to output, if desired 
for a particular application. For example, it may be 
desired to form an output of X/(X-Y--Z). This fur 
ther manipulation of the output integrals I or I" is per 
formed by the post-processor 102. If post-processing is 
used, the post-processed information can be output 
through the devices 98, and 100, or other output de 
vices, as desired. 
The controller 30 includes capabilities necessary to 

control the mechanical, computational, output, and data 
transfer functions of the spectroradiometer 20, accord 
ing to the functions and hardware described previously. 
A system central processing unit (CPU) 110 coordinates 
the control function and hardware. It receives external 
inputs from a back-panel control 112, an RS-232 exter 
nal connector 114, and an IEEE-488 connector. 
The CPU 110 controls the various mechanical func 

tions. It commands lens zoom actuators 16, lens focus 
actuators 118, intensifier gain 120, and an opening actu 
ator 122 of the optical gate 56. It further commands an 
iris opening actuator 124 and a drive motor 126 of the 
circular variable filter 50. The controlled values of these 
mechanical systems are made available to the other 
portions of the system as required, according to the data 
flow paths indicated in FIG. 3. 
To keep track of memory storage locations, there are 

provided a write address generator 128 and a read ad 
dress generator 130. These devices determine the loca 
tions to which information is written and from which 
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information is recalled. The coordinated operation of 
these address generators 128 and 130 permits the images 
to be alternatively written and recalled from the memo 
ries 70b and 70c. The write address generator 128 and 
the read address generator 130 may be integral with the 
memory device 70, or may be supplied separately. 
The present invention has been embodied in a pack 

aged spectroradiometer according to the preferred em 
bodiments discussed herein. The instrument produces a 
20-point spectral radiance from 400 to 700 nanometers 
wavelength, for each pixel of a 256X 192 imaging array, 
at a frame rate of 30 frames per second. Each frame 
includes a complete 20-point spectrum for each pixel. 
This frame rate permits the image to be viewed with 
smooth motion, much in the manner of a conventional 
television or motion picture. The displayed image, how 
ever, differs from that of a conventional television or 
motion picture in that it emulates a particular sensor of 
spectral response function C or can otherwise be con 
trolled to highlight features having preselected spectral 
response functions. 
The ability to process the images in real time permits 

the user to follow continuous motion on a real-time 
basis, for any selected response function or functions. 
Thus, real-time spectral discrimination of geological, 
oceanographic, agricultural, medical, and many other 
types of scenes can be accomplished. With the broad 
ranging capabilities of the system, other options are also 
possible. For example, the frame rate can be slowed, 
and the spectral resolution can be correspondingly in 
creased within the limitations of the computational rates 
available, in the high-resolution node discussed previ 
ously. 
Although a particular embodiment of the Invention 

has been described in detail for purposes of illustration, 
various modifications may be made without departing 
from the spirit and scope of the invention. Accordingly, 
the invention is not to be limited except as by the ap 
pended claims. 
What is claimed is: 
1. An imaging spectroradiometer, comprising: 
a light collector, including 
a lens which produces a two-dimensional viewed 
image of a scene, 

means for spectrally filtering a repeating sequence 
of spectral images from the viewed image over a 
preselected spectrum of wavelengths, the means 
for spectrally filtering including means for re 
peating the spectral imaging of the scene over 
the preselected spectrum at a preselected se 
quence repetition frequency; 

a normally closed optical gate which receives the 
sequence of spectrally filtered images from the 
means for spectrally filtering and controllably 
opens at a preselected time to pass an image of a 
preselected wavelength from the sequence of 
spectral images, and 

a detector which receives the image of preselected 
wavelength from the optical gate and produces 
an electronic signal of an amplitude of each of a 
plurality of pixels; and 

an image processor operating substantially in real 
time, comprising 

a memory which temporarily stores the electronic 
signals produced by the detector as a plurality of 
pixelated electronic images, each image corre 
sponding to an amplitude of the scene viewed at 
one of the preselected wavelengths, 
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12 
means for correcting the amplitudes of the pixels of 

the electronic images responsive to preselected 
systematic sources of error and means for cali 
brating the amplitudes responsive to the optical 
properties of the light collector, producing a 
corrected and calibrated electronic image, and 

means for mathematically correlating the cor 
rected and calibrated electronic image with a 
preselected response function to produce an 
electronic image of a preselected spectral char 
acteristic. 

2. The spectroradiometer of claim 1, wherein the 
means for repeating of the means for spectrally filtering 
operates at a repetition frequency of at least about 20 
cycles per second, on a repeating sequence of at least 
about 20 spectral images. 

3. The spectroradiometer of claim 1, wherein the 
means for spectrally filtering includes a circularly vari 
able filter and the means for repeating includes a motor 
which drives the rotation of the circularly variable 
filter. 

4. The spectroradiometer of claim 3, wherein the 
circularly variable filter is continuously variable. 

5. The spectroradiometer of claim 1, wherein the 
means for spectrally filtering is operable over a prese 
lected spectrum of wavelengths in the visible range. 

6. The spectroradiometer of claim 1, wherein the 
means for spectrally filtering is operable over a prese 
lected spectrum of wavelengths in the infrared range. 

7. The spectroradiometer of claim 1, wherein the 
light collector further includes an image intensifier 
which receives the image of the scene and produces an 
intensified image of the scene, and wherein the optical 
gate is integral with the image intensifier. 

8. The spectroradiometer of claim 1, wherein the 
detector comprises an array of sensor elements, each 
sensor element corresponding to a single pixel. 

9. The spectroradiometer of claim 1, wherein the 
memory comprises a first memory region and a second 
memory region, and wherein the spectroradiometer 
further comprises memory control means for storing 
pixelated electronic images in the first memory while 
simultaneously recalling pixelated electronic images 
from the second memory and providing the recalled 
pixelated electronic images to the means for correcting. 

10. The spectroradiometer of claim 1, wherein the 
means for correcting includes means for adding a dark 
field correction value on a pixel-by-pixel basis to the 
pixelated electronic image. 

11. The spectroradiometer of claim 1, wherein the 
means for calibrating includes means for scaling the 
pixelated electronic image on a pixel-by-pixel basis. 

12. The spectroradiometer of claim 1, wherein the 
image processor is synchronized to the means for re 
peating, so that the output of the image processor is in 
real time at the repetition rate of the means for repeat 
1ng. 

13. The spectroradiometer of claim 1, wherein the 
means for correlating includes a hardware multiplier 
/accumulator having as a first multiplier input the spec 
tral image at a pixel and as a second multiplier input the 
preselected spectral response function, and as an output 
the sum of the products of the first and second multi 
plier inputs for the preselected wavelengths. 

14. An imaging spectroradiometer that produces a 
continuous spectral depiction of a scene, comprising: 
a light collector, including 
a lens which forms an image of a scene, 
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a circularly variable spectral filter disposed to ro 

tate at a controllable repetition frequency 
through the image formed by the lens to produce 
a filtered image, 

a normally closed optical gate which receives the 5 
filtered image and controllably opens at a series 
of preselected times to pass a series of images 
each of a preselected wavelength therethrough, 
and 

a detector array which receives the images of pre- 10 
selected wavelengths from the gate and pro 
duces a electronic signal having an amplitude of 
each of a plurality of pixels forming the images; 

an image processor, comprising 
a memory which temporarily stores the electronic 15 

signals produced by the detector as a plurality of 
pixelated electronic images, each image corre 
sponding to an intensity of the scene viewed at 
one of the preselected wavelengths, 

means for correcting the amplitudes of the pixels of 20 
the electronic images responsive to preselected 
systematic sources of error and for calibrating 
the amplitudes responsive to the optical proper 
ties of the light collector, producing a corrected 
and calibrated electronic image, and 25 

means for mathematically correlating the cor 
rected and calibrated electronic images with a 
preselected spectral response function to pro 
duce an electronic image of preselected spectral 
characteristic; 30 

an image post-processor, including 
means for manipulating the processed electronic 

images; and 
a display that displays the processed and post-proc 

essed images in video format. 35 
15. The spectroradiometer of claim wherein the 

means for correlating includes hardware multiplier/ac 
cumulator having as a first multiplier input the spectral 
image at a pixel and as a second multiplier input the 
preselected spectral response function, and as an output 40 
the sum of the products of the first and second multi 
plier inputs for the preselected wavelengths. 

16. The spectroradiometer of claim 14, wherein the 
memory comprises a first memory region and a second 
memory region, and wherein the spectroradiometer 45 
further comprises memory control means for storing 
pixelated electronic images in the first memory while 
simultaneous recalling pixelated electronic images from 
the second memory and providing the recalled pix 
elated electronic images to the means for correcting. 50 

17. The spectroradiometer of claim 14, wherein the 
means for correcting includes means for adding a dark 
field correction value on a pixel-by-pixel basis to the 
pixelated electronic image. 

18. The spectroradiometer of claim 14, wherein the 55 
means for calibrating includes means for scaling the 
pixelated electronic image on a pixel-by-pixel basis. 

19. An imaging spectroradiometer that produces a 
continuous spectral depiction of a scene, comprising: 

a light collector, including 60 
a lens which forms an image of a scene, 
a circularly variable spectral filter driven to rotate 

at a controllable repetition frequency of at least 

14 
about 20 cycles per second through the image 
produced by the lens to produce a filtered image, 

a normally closed optical gate which receives the 
filtered image and controllably opens at a series 
of controllable times to pass therethrough a se 
ries of images each of a preselected wavelength, 

a detector array which receives the images of pre 
selected wavelengths from the gate and pro 
duces an electronic signal having an amplitude of 
each of a plurality of pixels forming the images, 

an image intensifier disposed prior to the detector 
array to amplify the image incident upon the 
image intensifier, and 

an analog-to-digital converter that converts the 
electronic signal of the detector array to a digi 
tized format; 

an image processor, comprising 
a pair of memories which alternately store the 

digitized electronic signals produced by the de 
tector as a plurality of pixelated electronic im 
ages, each image corresponding to an intensity of 
the scene viewed at one of the preselected wave 
lengths, a first memory being filled with image 
information while a second memory is being 
accessed for previously stored information for 
subsequent processing, 

means for correcting the amplitudes of the pixels of 
the electronic images responsive to preselected 
systematic sources of error and for calibrating 
the amplitudes responsive to the optical proper 
ties of the light collector, producing a corrected 
and calibrated electronic image, and 

means for mathematically correlating the cor 
rected and calibrated electronic images with a 
preselected response function to produce an 
electronic image of a preselected spectral char 
acteristic; 

an image post-processor, including 
means for manipulating the processed electronic 

images; and 
a display that displays the processed and post-proc 

essed images in video format. 
20. An imaging spectroradiometer, comprising: 
a light collector including 
a lens that views a scene, and 
means for forming a sequence of pixelated spectral 
images of the scene viewed by the lens at a con 
trollable sequence repetition rate of at least about 
20 cycles per second, the sequence having a 
plurality of individual images at each of a range 
of wavelengths; 

a calibration/correction memory that contains image 
correction information associated with preselected 
systematic sources of error and calibration infor 
mation associated with amplitudes responsive to 
the optical properties of the light collector; and 

means for correcting the amplitudes of the pixels of 
the electronic images responsive to preselected 
systematic sources of error and for calibrating the 
amplitudes responsive to the optical properties of 
the light collector, producing a corrected and cali 
brated electronic image. 
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